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Novel sol-gel synthesis of N-doped TiO, hollow spheres
with high photocatalytic activity under visible light
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Abstract Novel ammonia and triethanolamine assisted
sol—gel synthesis method was developed to fabricate the N-
doped TiO, hollow spheres. The prepared hollow spheres
were in submicron size and had good morphology and high
specific surface area. Polystyrene (PS) latexes in size of
470 nm were used as the templates to fabricate PS/TiO,
core—shell spheres. Here ammonia and triethanolamine was
first employed together to control the sol-gel process. The
N-doped TiO, hollow spheres were got after calcinations of
the core—shell spheres by using triethanolamine as N
source, and the amount of doped N could be easily adjusted
by changing the amount of triethanolamine. The hollow
spheres had distinct visible light response, and the optical
response shifted more to the visible region as the amount of
doped N increases. The photodegradation of methylene
blue expressed the high photocatalytic activity of the
N-doped TiO, hollow spheres under visible light.
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1 Introduction

Inorganic hollow particles have recently been the subject of
extensive research in chemistry and materials science
[1, 2]. In this family, the hollow TiO, spheres have
attracted considerable interest owing to their applications
in catalysis, photochemical solar cells, controlled release,
chemical sensors and so on [3-9]. The hollow TiO, spheres
were easily got after removing the polymer core of PS/
TiO, core—shell spheres. There were two main ways to
remove the core: calcinations [10-13] and dissolving by
organic solvent [14, 15]. The PS/TiO, core—shell spheres
were prepared in two main approaches: layer-by-layer self-
assembly [16] and sol—gel nanocoating [17-24]. The sol—
gel nanocoating was widely used due to its simplicity and
high efficiency. But the TiO, shells obtained in the sol-gel
nanocoating were amorphous, and they could transform
from amorphism to anatase or rutile after calcining at
differet temperature. Anatase or rutile TiO, was exten-
sively investigated because of its notable functions for
photocatalysis and photoelectron transfer [25-30]. How-
ever, the widespread technological uses of TiO, were
impaired by its wide band gap, which required ultraviolet
(UV) irradiation for photocatalytic activation. Because UV
light accounts for only a small fraction (5%) of the Sun’s
energy compared with the visible light (45%), any shift in
the optical response of TiO, from the UV to the visible
spectral range would have a profound positive effect on the
photocatalytic efficiency of this material [31]. The widely
used approaches that shifted the optical response of TiO,
from the UV to the visible spectral range were carried out
by dye sensitization, metal ion doping, nonmetal doping,
etc. [32—41]. Among those, N doping was the most widely
used method because it produced p state localization just
above the valence band maxima of TiO,. This greatly
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reduced the over all band gap energy of TiO,, which led to
the red shift of its optical response [41]. Although the N-
doped anatase or rutile TiO, materials were widely repor-
ted, the N-doped anatase TiO, hollow spheres with good
morphology were rarely reported.

It was well-known that the hydrolysis and condensation
of titania precursors was too fast to control [42—44]. So the
reagents which acted as inhibitors to slow down the rate of
hydrolysis and condensation of titania precursors were
needed. Inorganic acids (e.g., nitride acid [24], hydro-
chloric acid [25]) and organic complexing agents (e.g.,
acetyl acetone [45], glacial acetic acid [46]) were widely
used as inhibitors. But it was hard to use a single agent to
control the sol-gel process of titania precursors in various
conditions, so here we first employed ammonia and tri-
ethanolamine to control the sol-gel process synergisticly.
Here the active hydroxyl of triethanolamine could induce
the transesterification of tetrabutyl titanate to form trieth-
anolamine modified tetrabutyl titanate as illustrated in
Fig. 1, which restrained the hydrolysis and condensation of
titania precursors [47]. Then the modified tetrabutyl tita-
nate could be dissociated by the more active ammonia, and
then the ammonia-catalyzed sol-gel process took place to
generate the titania sols. Simonsen et al. [48] investigated
the influence of pH on titania sol-gel systems. They found
that the TiO, particles prepared at alkaline conditions
showed the primary particle size of around 3 nm and these
primary particles aggregated to form larger secondary
particles, and high specific surface area could be achieved
for particles synthesized under alkaline conditions inde-
pendent of the titanium alkoxide used due to the porosity of
the secondary particles. Sogimoto et al. [42] also investi-
gated the role of ammonia in the sol-gel formation of TiO,
spheres. They found that the TiO, spheres with smooth
surface and high monodispersion could be obtained at
appropriate amount of ammonia. Based on above, we
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Fig. 1 The schematic illustration of the action of triethanolamine and
tetrabutyl titanate
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triethanolamine to fabricate N-doped TiO, hollow spheres
with good morphology and high specific surface area.

On the whole, the facile method developed in this work
to fabricate the N-doped anatase TiO, hollow spheres
involved these novelties and significances below: (1)
Ammonia and triethanolamine were first employed here to
control the sol—gel process synergisticly. The morphology
of the core—shell spheres could be easily controlled by
changing the amount of ammonia and triethanolamine. (2)
Triethanolamine acted also as the nitrogen resource, which
was first reported in the fabrication of N-doped TiO, hol-
low spheres. Especially, the amount of doped N can be
easily controlled by changing the amount of triethanola-
mine added. (3) The prepared N-doped TiO, hollow
spheres were monodisperse with good morphology and
high specific surface area. (4) The N-doped TiO, hollow
spheres had good visible light response and presented high
photocatalytic activity under visible light. So the ammonia
and triethanolamine assisted sol-gel synthesis reported
here was considered as a facile method to prepared N-
doped TiO, hollow spheres.

2 Materials and methods
2.1 Materials

Styrene (St), triethanolamine and methylene blue were
purchased from Shanghai Chemical Reagent Co. (China).
Styrene was treated with 10 wt% NaOH aqueous solution
to remove the inhibitor and distilled under reduced pressure
prior to polymerization. Absolute ethanol, tetrabutyl tita-
nate (TBT), and ammonia solution (25 wt%) were pur-
chased from Nanjing Chemical Reagent Co. (China).
Anatase TiO, nanopaiticles (99%) with the diameter of
25 nm (denoted as TN25) was purchased from Acros
(Belgium). Potassium persulfate (KPS) was purchased
from Tianjin Chemical Reagent Co. (China) and purified
by recrystallization from water. Other reagents of analyti-
cal grade were utilized without further purification.
Deionized water was applied for all polymerization and
treatment processes.

2.2 Methods
2.2.1 Preparation of PS latexes

The monodisperse PS particles in the size of 470 nm were
prepared by emulsifier-free emulsion polymerization as
follows: 10.0 g of styrene and 90.0 g of H,O were charged
into a 250 mL fourneck flask equipped with a mechanical
stirrer, a thermometer with a temperature controller, a N,
inlet, a Graham condenser, and a heating mantle. The
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solution was stirred and deoxygenated by bubbling N, at
room temperature for 20 min. Then, the mixture was
slowly heated to 70 °C, followed by addition of an aqueous
solution containing 0.1 g of KPS dissolved in 10.0 g of
H,O0, and the reaction was carried out at 70 °C for 12 h.

2.2.2 Fabrication of PS/TiO, core—shell spheres
and N-doped TiO; hollow spheres

The PS latexes were reacted with triethanolamine—modi-
fied TBT in a solution of ammonia in ethanol to yield PS/
TiO, core—shell spheres. In a typical procedure: 35 mmol
of ammonia and 5.00 g of the PS emulsion (containing
~0.40 g of PS particles) were added into 100 mL of eth-
anol under stirring, and the mixture was kept at 50 °C for
10 min. Then 4 mL of ethanol solution contaning 5 mmol
of TBT and 2 mmol of triethanolamine was added drop-
wise to the suspension under stirring at 50 °C at a rate of
2 mL/h using a syringe pump. The reaction mixture was
stirred at 50 °C for an additional 4 h after dripping. The
obtained core—shell spheres were separated from the reac-
tion medium by centrifuging, washed several times with
ethanol, and then redispersed in ethanol. The core—shell
spheres were placed in a furnace, and heated to 500 °C at a
rate of 10 °C/min. After holding at 500 °C for 1 h, the
sample was cooled down to room temperature at a rate of
20 °C/min. Finally the N-doped anatase TiO, hollow
spheres were obtained.

2.2.3 The photodegradation of methylene blue

To evaluate the photocatalytic activity of the prepared N-
doped TiO, hollow spheres, 100 mL of aqueous solution
containing methylene blue was placed in a glass beaker
with 100 mg of samples. The suspension was placed in
dark for 20 min to reach the equilibrium of adsorption and
desorption, and then was irradiated with white light (using
a white light lamp, 24 W, purchased from Philips, the
Netherlands). Aliquots of a few millimeters of the aqueous
suspension were collected at regular time periods during
irradiation and filtered through syringe filters to remove the
hollow spheres. The concentration of methylene blue was
estimated by spectrophotometric methods at the maximum
absorbance wavelength of 665 nm.

2.2.4 Characterization methods

Transmission electron microscopy (TEM) was performed
on a Hitachi H-7650 III microscopy (Japan) operating at
80 kV. The dispersions were diluted with ethanol and
ultrasonicated for 10 min and then dried onto carbon-

coated copper grids before examination. Scanning electron
microscopy (SEM) was also used to observe the mor-
phology of the particles on Hitachi S-4800 (Japan). The
specimens were gold-coated prior to examination.
Dynamic Light Scattering (DLS) was used to see the size
distributions of the particles on a photon correlation spec-
trometer (Brookhaven BI-200SM, US). X-ray photoelec-
tron spectroscopy (XPS) were obtained on an ESCA Lab
MK II (V.G. Scientific Co. Ltd., UK) equipped with a Mg
Ko radiation source (12 kV and 20 mA at the anode). The
take-off angle of the photoelectron was kept at 45°. The
binding energy was referenced by setting the Cls hydro-
carbon peak to be 285.0 eV. X-ray diffraction (XRD)
analysis was performed on a Shimadzu XRD 6000 dif-
fractometer (Japan). The sample was scanned from 10° to
70° at a scan rate of 5°/min using Cu Ko(4 = 0.15406 nm)
radiation at 40 kV and 30 mA. Brunauer-Emmett-Teller
(BET) analysis was performed on an instrument of Mi-
cromeritics ASAP2020 (USA) at 77 K, with samples
degassed at 150 °C for 2 h prior to analysis. The pore
volume was estimated from the desorption branch of the
isotherm using Barrett-Joyner-Halenda (BJH) method.
UV-Visible diffuse reflectance spectra (UV-Vis DRS)
were performed on a Shimadzu UV-2401 spectrophotom-
eter (Japan) furnished with an integrating sphere using
BaSO, as reference.

3 Results and discussion
3.1 Synthesis of the core—shell and hollow spheres

Figure 2a demonstrated the image of PS spheres prepared
by emulsifier-free emulsion polymerization. It could be
seen that the latex particles are in uniform size of 470 nm
and the surface was smooth. Figure 2b showed the image
of the PS/TiO, core—shell spheres prepared in the typical
procedure. The surface of the core—shell spheres became a
little rough compared with that of the PS spheres owing to
the coating of TiO,, and it was good to see that the PS
spheres were coated with uniform TiO, shells. The core—
shell spheres were in uniform size of 560 nm. Then the
corresponding TiO, hollow spheres were obtained by cal-
cining the core—shell spheres. Figure 2c demonstrated the
image of the hollow spheres. The diameters of hollow TiO,
spheres were found to be 20% smaller than that of the
corresponding core—shell spheres. In some studies similar
phenomenon was also observed owing to shrinkage of the
ceramic shells [49, 50]. It could be seen that the hollow
spheres were monodisperse and had uniform shells. The
size distributions of the PS, PS/TiO, core—shell spheres and
TiO, hollow spheres were given in Fig. 3. It was indicated
that they were all monodisperse.
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Fig. 2 TEM images of PS spheres (a), PS/TiO, core—shell spheres (b) and TiO, hollow spheres (c)
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Fig. 3 Size distributions of PS spheres (a), PS/TiO, core—shell
spheres (b) and TiO, hollow spheres (c)
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3.2 Effect of ammonia and triethanolamine
on the morphology of spheres

Before the coating, TBT reacted with triethanolamine to
form triethanolamine-chelated TBT, where triethanolamine
acted as a stabilizer of TBT [51]. Then the triethanolamine-
chelated TBT was added to the PS suspension in presence
of ammonia. The triethanolamine-chelated TBT was first
dissociated by the more active ammonia, and then the
ammonia-catalyzed hydrolysis and condensation of TBT
took place to generate the titania sols. The coating occured
subsequently, even synchronously to form the TiO, shells
[17, 20]. Ammonia could accelerate hydrolysis and con-
densation of TBT, and the effect of ammonia on the
morphology of the core—shell spheres was shown in Fig. 4.
When the amount of ammonia was 14 mmol, the surface of
the core—shell spheres was a little rougher compared with
that of the spheres prepared in the typical procedure. There
were many bigger TiO, particles on the surfaces (Fig. 4a).
When the amount of ammonia increased to 56 mmol, the
surface of the spheres was also rough with many elongated
TiO, particles on it (Fig. 4c). It indicated that the perfect
coating took place when the moderate amount of ammonia
was added (Fig. 4b). Furthermore, the effect of the trieth-
anolamine was also investigated. The images of core—shell
spheres obtained with different amounts of triethanolamine
were shown in Fig. 5. The triethanolamine acted as a sta-
bilizer of TBT, which weakened the hydrolysis and con-
densation of TBT. When the amount of triethanolamine
was 1 mmol, there were some TiO, secondary particles or
elongated particles on the surface of PS spheres. And when
the amount increased to 4 mmol, there were also big TiO,
nanoparticles on the surface of the spheres. That meant
perfect coating took place with the moderate amount of
triethanolamine added, which was consistent with the
effect of ammonia. We attributed the results above to
the synergism of ammonia and triethanolamine. When the
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Fig. 4 SEM images of PS/TiO, core-shell spheres prepared at
different amounts of ammonia: a 14 mmol, b 35 mmol and ¢
56 mmol

amount of ammonia was low or the amount of triethanol-
amine was high, ammonia could not dissociated the tri-
ethanolamine-chelated TBT totally in short time, so in the
system the triethanolamine-chelated TBT could be adsor-
bed on the generated TiO, nanoparticles and prevented
them to be captured by PS spheres. When the TiO,

Fig. 5 TEM images of PS/TiO,

core—shell spheres prepared at a
different amounts of

triethanolamine: a 1 mmol and

b 4 mmol

500 nm

nanoparticles grew bigger slowly, the triethanolamine-
chelated TBT could not provide enough stabilization or be
dissociated slowly. Then the big nanoparticles were cap-
tured by the PS spheres and led to the surface roughness.
On the other hand, when the amount of ammonia was high
or the amount of triethanolamine was low, ammonia could
dissociate all of the triethanolamine-chelated TBT imme-
diately and accelerated the following hydrolysis and con-
densation of TBT. The high rate of sol-gel process led to
the formation of TiO, secondary particles or elongated
particles, which also induced the surface roughness of the
core—shell spheres. So we can control the morphology of
the core—shell spheres just by changing amount of ammo-
nia and triethanolamine relatively. Figure 6 presented the
images of PS/TiO, core—shell spheres and the conre-
sponding hollow spheres prepared by changing the amount
of ammonia and triethanolamine synchronously. It could be
seen that all of the core—shell spheres and hollow spheres
are in good morphology. So here we considered the syn-
ergism of ammonia and triethanolamine as a powerful tool
to get desired perfect core—shell spheres and hollow
spheres.

3.3 The success of N dopping in the hollow spheres

To confirm the success of N doping in the structure of
TiO, X-ray photoelectron spectroscopy (XPS) was
employed to determine the bonding information of Ti and
N atoms. Figure 7 showed the XPS spectra of the Ti 2p and
N 1s core levels in the hollow spheres. The N 1s core level
showed two peaks at 397.0 for substitutional N and
399.9 eV for interstitial N [20, 52]. As for the Ti 2p, the
typical binding energy of the Ti 2p peak was at 458.0 eV,
which was significantly lower than that in P25 powder
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Fig. 6 TEM images of core—
shell spheres and hollow
spheres prepared at different
amounts of ammonia and
triethanolamine: a, b 14 and
1 mmol; ¢, d 56 and 4 mmol

500 nm

(459.7 eV) [53], also indicating the N dopping. The
amount of doped N in the hollow spheres was tested by
XPS. The amount of doped N was 0.36, 0.62 and 1.09 atom
% when the amount of triethanolamine was 1, 2 and
4 mmol, respectively. It told us that higher amount of tri-
ethanolamine resulted in higher amount of doped N in
hollow spheres. Because triethanolamine could have
covalent bond with Ti [51] and N atoms got introduced due
to organic decomposition, some of the N atoms were
brought into the crystal lattice instead of being evaporated
as gaseous product. At the high boiling point of trietha-
nolamine (~360 °C), the transform form amorphism to
anatase of TiO, progressed slowly [54], which increased
the probability of N doping. So we considered triethanol-
amine as the desired reagent for efficient N doping.

3.4 XRD, BET, and UV-Vis DRS analysis

Figure 8 showed the XRD pattern of the hollow spheres. It
could be seen that the TiO, shells were transformed from
amorphism into anatase phase (JCPDS 21-172) after cal-
cinations. BET analysis was employed to study the textural
properties of the hollow spheres. Figure 9 was the BET
results of the hollow spheres prepared in typical procedure.
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The BET surface area and pore volume of the hollow
spheres were calculated to be 70.50 m*/g and 0.19 cm’/g,
which were larger than the corresponding ones of TN25
(anatase titania nanoparticles in size of 25 nm, BET sur-
face area: 42.50 m*/g, pore volume: 0.15 cm?/g, tested in
the same condition as the hollow spheres). Besides, the
hollow spheres had the wide pore size distribution in the
range of 3-60 nm. So the hollow spheres obtained in this
work were a kind of mesoporous materials with high sur-
face area. The UV-Vis DRS results of the N-doped TiO,
hollow spheres with different amounts of doped N and
TN25 as contrast were shown in Fig. 10. The spectrum of
TN25 had only optical response of ultraviolet irradiation
(<390 nm), which was similar to the P25 TiO, reported
[39]. But in the spectra of the N-doped TiO, hollow
spheres, we could clearly see that there were optical
responses in the visible light range (390-600 nm). And the
optical response shifted more to the visible region as the
amount of doped N increased. So the N doping was
effective at improving the visible light response of TiO,
materials. Based on the discussion above, the N-doped
TiO, hollow spheres fabricated by us were a kind of
mesoporous materials with high surface area and good
visible light response.
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Fig. 7 The XPS spectra of Ti 2p and N 1s core levels in the hollow
spheres

101

004 200
105211 204
103112 116
10 20 30 40 50 60 70
20/°

Fig. 8 XRD pattern of hollow spheres prepared in typical procedure

3.5 The photodegradation of methylene blue

To evaluate the photocatalytic activity of the prepared N-
doped TiO, hollow spheres, the photodegradation of
methylene blue (MB) was performed. Figure 11 showed
the results of the photodegradation of MB. NTH-1, 2 and 3
was denoted as the N-doped TiO, hollow spheres with
different amount of doped N: 0.37, 0.62, and 1.09 atom %,
respectively. Two blank tests were carried out: the solution
of MB without TiO, was irradiated for 8 h and only 0.7%
of MB degraded; the suspension containing MB and NTH-
2 was in dark for 8 h and only 2.2% of MB degraded,
which told us that the system had already reached the

160
)
o 140 - 014 d
) oo /.f'\
E 0] Fee|l e h N 1
] T Som uee® \ ]
= g o0 : g S Il
T 100 el e o o
o 002 /7
5 804 e SRR . A
(] . %
S ] Pore Size / nm ] ,90.” ]
< 60 .;el,f
[ o« °
£ 40 4 /3/3:“/u g
S 'y Of""”"’(s:s/ - ®— desorption
] 1 o geeee0®®— 1 —e i
g 20 o® o— adsorption
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)
Fig. 9 Nitrogen adsorption—desorption isotherm of the TiO, hollow

spheres prepared in typical procedure. Insert shows the pore size
distribution using the BJH desorption data
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Fig. 10 UV-Vis diffuse reflectance spectra of TN25 (a) and N-doped
TiO, hollow spheres with different amount of doped N: (b) 0.37, (¢)
0.62, (d) 1.09 atom %

equilibrium of adsorption and desorption after 20 min of
adsorption and desorption. Based on the two blank tests
above, we believed that the results of the photodegradation
of MB under white light can provide the direct evidence of
the photocatalytic activity of samples under visible light.
When using NTH-1, NTH-2 and NTH-3 as the photocat-
alyst, MB degraded for 74.4, 89.6 and 96.6%, respectively,
after irradiated under white light for 8 h. When using TN25
as the photocatalyst, only 13.7% of MB degraded in the
same condition. So the N-doped TiO, hollow spheres
presented excellent photocatalytic activity under visible
light, which was due to the N doping [37, 38, 40] and the
high surface area [55]. The N-doped TiO, hollow spheres
were supposed to be a new and significant TiO, material
with high photocatalytic efficiency.

4 Conclusions

In summary, we had demonstrated a novel ammonia and
triethanolamine assisted sol—gel synthesis of monodisperse
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Fig. 11 The photodegradation of methylene blue

N-doped TiO, hollow spheres. The morphology of the
core—shell could be controlled by the synergism of
ammonia and triethanolamine. The N-doped TiO, hollow
spheres were got after the calcinations of the corresponding
core—shell sphere. Triethanolamine was the resource of N
elements, and the amount of doped N in the hollow spheres
could be easily adjusted by changing the amount of tri-
ethanolamine added. The hollow spheres were proven to be
a kind of mesoporous materials with high surface area and
good visible light response. The N-doped TiO, hollow
spheres presented excellent photocatalytic activity under
visible light, and were supposed to be a new and significant
TiO, material with high photocatalytic efficiency.
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